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(Received 8 December 2004; published 1 April 2005)0031-9007=In 1971 Goodman and Rose predicted the occurrence of a fundamental electrostatic limit for the
photocurrent in semiconductors at high light intensities. Blends of conjugated polymers and fullerenes are
an ideal model system to observe this space-charge limit experimentally, since they combine an
unbalanced charge transport, long lifetimes, high charge carrier generation efficiencies, and low mobility
of the slowest charge carrier. The experimental photocurrents reveal all the characteristics of a space-
charge limited photocurrent: a one-half power dependence on voltage, a three-quarter power dependence
on light intensity, and a one-half power scaling of the voltage at which the photocurrent switches into full
saturation with light intensity.
DOI: 10.1103/PhysRevLett.94.126602 PACS numbers: 72.80.Le, 73.61.PhFIG. 1. Experimental charge carrier mobility of the electrons
(e, ) and holes (h, 4) as a function of temperature T.
The e and h have been determined from space-charge lim-
ited measurements on 20:80 blends of BEH1BMB3-PPV:PCBM.
The inset schematically shows a photovoltaic device under illu-
mination and the chemical structure of the BEH1BMB3-PPV,
respectively.When a semiconductor is exposed to photons with an
energy larger than the band gap, charge carriers are pro-
duced. With a built-in field or an externally applied bias
these charge carriers can be separated, thereby producing a
photocurrent in an external circuit. The efficiency of photo-
current generation depends on the balance between charge
carrier generation, recombination, and transport. The ex-
traction of photogenerated electrons and holes from a
semiconductor has been treated by Goodman and Rose
[1]. With noninjecting contacts the external photocurrent
becomes saturated when all photogenerated free electrons
and holes are extracted from the semiconductor. This
implies that the mean electron and hole drift lengths
weh  ehehE are equal to or longer than the speci-
men thickness L: with eh the charge carrier mobility of
electrons (holes), eh the charge carrier lifetime, and E the
electric field, respectively. In this case no recombination
occurs and the saturated photocurrent density (Jph) is given
by Jsatph  qGL, with G the generation rate of the electron-
hole pairs and q the electric charge [1]. However, ifwe < L
or wh < L or both are smaller than L, space charge will
form and the recombination of free charge carriers be-
comes significant.
Suppose now that the electron-hole (e-h) pairs are pho-
togenerated uniformly throughout the specimen and that
the charge transport is strongly unbalanced, meaning that
we  wh. In a semiconductor with wh  we and wh < L,
the holes will accumulate to a greater extent in the device
than the electrons, which makes the applied field nonuni-
form. As a consequence, the electric field increases in the
region (L1) near the anode, enhancing the extraction of
holes, as shown schematically in the inset of Fig. 1.
Conversely, in the region near the cathode the electric field
decreases, diminishing the extraction of electrons. In
steady state, the electric field in the region with thickness
L1 is modified to such an extent that the external hole
current equals the external electron current. The length of
the region L1 is given by the mean hole drift length (L1 05=94(12)=126602(4)$23.00 12660hhV1=L1). Since almost the entire voltage V drops on
the region of hole accumulation (V1  V) and the photo-
current generated in this region is substantially the total
current, it follows directly that [1]
Jph  qGL1  qGhh1=2V1=2: (1)
It is evident that in the region L1 the accumulated holes
are not neutralized by an equal density of electrons, which
results in a buildup of positive space charge. Goodman and
Rose pointed out that there is a fundamental limit to be
expected for the buildup of space charge in a semiconduc-
tor at high intensities. The electrostatic limit of hole accu-
mulation is reached when the photocurrent generated in
this region, Jph  qGL1, is equal to the space-charge
limited current:2-1  2005 The American Physical Society




where "0"r is the dielectric permittivity. By equating qGL1
with Eq. (2) it follows that the length of the region L1 in
this space-charge limited (SCL) regime is given by
L1  9"0"rh=8qG1=4V1=21 : (3)
Since V1  V, the maximum electrostatically allowed pho-








Comparison of Eqs. (1) and (4) shows that in both the
absence and the presence of the space-charge limitation Jph
scales with the square root of the applied voltage and is
governed by the slowest charge carrier mobility, although
the physical reasons for this are distinctly different.
Experimentally, both regimes can be discriminated by
investigating their dependence on G.
To our knowledge, the existence of SCL photocurrents
has not been demonstrated experimentally in semiconduc-
tors so far. In order to observe SCL photocurrents, a
semiconductor should fulfill a number of requirements:
First, the amount of photogenerated charge carriers should
be large, meaning a large G and a long carrier lifetime eh
after dissociation of the e-h pairs. Furthermore, the charge
transport should be strongly unbalanced, leading to the
formation of space-charge regions. Finally, the slowest
charge carrier should have a low mobility such that the
photocurrent can reach the SCL current inside the space-
charge region. A material system that fulfills most of these
demands are blends of conjugated polymers (electron do-
nor) and fullerene molecules (electron acceptor) [2], which
exhibit power-conversion efficiencies of 3% under global
AM1.5 illumination [3]. In these blends light absorption
leads to the production of excitons that subsequently dis-
sociate at the internal interface by an ultrafast electron
transfer ( < 100 fs) from excited polymer to fullerene
[4]. Since the created electrons and holes are spatially
separated, the backtransfer process is very slow, leading
to long-lived charge carriers, in the microsecond to milli-
second range [5,6]. In combination with the large internal
donor-acceptor interface, these bulk heterojunctions ena-
ble a large generation rate of long-lived charge carriers.
In this study, we have investigated the photocurrent of
blends using a poly(p-phenylene vinylene) (PPV) deriva-
tive and [6,6]-phenyl C61-butyric acid methyl ester
(PCBM). We demonstrate that the photocurrent in this
conjugated polymer and fullerene blend reaches the fun-
damental space-charge limit when the difference in elec-
tron and hole mobilities exceeds 2 orders of magnitude,
even under normal light intensity (at 0.8 Sun illumination).
The occurrence of this upper limit for the photoconduction
under normal light intensity is of importance for the under-12660standing and further optimization of photovoltaic devices
based on these material systems.
The important quantity that determines the formation of
space charge in photoconductors is the difference in the 
products of electrons and holes. The most investigated
system of polymer-fullerene solar cells are blends of
poly[2-methoxy-5-(30,70-dimethyloctyloxy)-p-phenylene
vinylene] (OC1C10-PPV) and PCBM. The main recombi-
nation process found in these devices is bimolecular re-
combination of photogenerated free electrons and holes
[7], resulting in an equal electron and hole lifetime.
Therefore, a large mobility difference between electrons
and holes is required for the generation of a SCL photo-
current in this system. However, it turns out that the hole
mobility of OC1C10-PPV inside the blend is enhanced by a
factor of 400 as compared with the pure material [8]. The
resulting mobility difference of only 1 order of magnitude
is not sufficient to induce a SCL photocurrent. In the
present study the random copolymer poly[2,5-bis(20-ethyl-
hexyloxy)-co-2,5-bis(20 -methylbutyloxy)-1,4-phenylene
vinylene] (BEH1BMB3-PPV) is used, with its chemical
structure shown in the inset of Fig. 1. For this sym-
metrically substituted PPV, when blended with PCBM,
we observe that the hole mobility in the PPV phase is
hardly affected, resulting in an increased mobility dif-
ference between electrons and holes. The measurements
were performed on 20:80 weight percentage blends of
BEH1BMB3-PPV:PCBM sandwiched between two elec-
trodes with an asymmetric work function, which are non-
injecting under reverse bias operation. A reverse voltage
sweep from 1 V down to 	12 V has been applied and the
current density under illumination (JL) and in the dark (JD)
has been recorded. The experimental photocurrent is given
by Jph  JL 	 JD. From the resulting Jph 	 V character-
istics the compensation voltage (V0) at which Jph  0 was
determined [7].
In order to investigate the photocurrent in blends of
BEH1BMB3-PPV:PCBM, knowledge about the hole and
electron mobilities in the polymer and fullerene phases is
indispensable. Recently, we have shown that electron and
hole mobilities in a blend can be determined from dark
current-voltage measurements by using suitable electrodes
which suppress either holes or electrons [9]. In Fig. 1 the
experimental electron and hole mobilities in 20:80 blends
of BEH1BMB3-PPV:PCBM are shown as a function of
temperature (1=T). It is observed that at room temperature
the electron mobility in the PCBM phase (e 
4
 10	3 cm2=Vs) is a factor of 125 larger than the hole
mobility in the BEH1BMB3-PPV phase (h  3:2

10	5 cm2=V s). This low hole mobility originates from a
hopping process between localized sites, which consist of
conjugated polymer chain segments. Because of strong
disorder there is a variation in the on-site energies, reduc-
ing the coupling between these localized states [10,11].
Since PPV and PCBM have different energetic disorders,2-2
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the activation energies of charge carrier mobility are differ-
ent in the cases of electrons (0.18 eV) and of holes
(0.35 eV). Consequently, as the temperature decreases,
the difference between e and h becomes larger. For
example, at 210 K the difference between experimental
e and h increases to a factor of 2000, thereby strongly
unbalancing the transport in these blends.
Figure 2 shows the experimental Jph as a function of
V0 	 V in a 20:80 blend of BEH1BMB3-PPV:PCBM, for a
temperature range of 210–295 K. It is observed that for
V0 	 V < 0:06 V Jph shows linear dependence on the
voltage, due to the competition between drift and diffusion
of photogenerated free charges to the electrodes [7].
However, above 0.06 V the experimental Jph clearly shows
a square-root dependence on the voltage for all measured
temperatures, as is predicted by Eqs. (1) and (4) for very
different e and h. Furthermore, as the temperature
decreases, the square-root part of Jph extends to larger
voltages, since the difference between e and h becomes
larger. At even larger voltages (0:8 V at 295 K) Jph
shows a clear transition to the saturation regime, where it
becomes limited by the field and temperature dependence
of the generation rate GE; T [7]. These results are dis-
tinctly different from the case of OC1C10-PPV:PCBM
blends, where no square-root dependence of Jph is ob-
served, as a result of more balanced transport [7]. The
important question is whether Jph from Fig. 2 is limited
by the space charge [Eq. (4)] or by the mobility-lifetime
product given by Eq. (1) The unique test to distinguish
between the two processes is to investigate the dependence
of Jph on G, since a different dependence is predicted by
Eqs. (1) and (4). A direct way to change the amount of













FIG. 2. Temperature dependence of the photocurrent (sym-
bols) in a 20:80 blend of BEH1BMB3-PPV:PCBM versus effec-
tive applied voltage (V0 	 V) for a device of 275 nm thickness
illuminated at an intensity of 80 mW=cm2. The solid lines
represent the square-root dependence of the photocurrent Jph
on effective voltage, used here as a guide for the eye.
12660We have recently demonstrated that in the absence of SCL
the Jph in reverse bias is described by Jph  qGE; TL [7].
Furthermore, for these non-SCL devices Jph closely fol-
lows a linear dependence with light intensity [12,13].
Combining these two observations, it follows that G is
proportional to light intensity in these types of devices.
Therefore, the SCL photocurrent is expected to scale with a
3=4 power dependence on light intensity [Eq. (4)].
Figure 3 shows the Jph 	 V0 	 V characteristics, of the
same device from Fig. 2, as a function of incident light
power (ILP), measured at 210 K. This temperature was
chosen because Jph shows the largest square-root regime,
but the same effect is present also at room temperature. The
ILP was varied from 80 mW=cm2 (upper curve) down to
6 mW=cm2 using a set of neutral density filters. It appears
from Fig. 3 that Jph shows weaker light intensity depen-
dence in the square-root regime as compared with the
saturation regime. Figure 4(a) shows, in the double loga-
rithmic plot, the experimental Jph taken from Fig. 3 as a
function of ILP for two different voltages, at V0 	 V 
0:1 V in the square-root regime and at V0 	 V  10 V in
the saturation regime. The slope S determined from the
linear fit (lines) to the experimental data amount to S 
0:76 in the square-root part and S  0:95 in the saturation
part at high voltages. Furthermore, the SCL photocurrent
predicted by Eq. (4) is compared with the square-root part
of the experimental current in Fig. 3 (solid lines). Note that
Eq. (4) contains parameters such as the charge carrier
mobility of the slowest species (h in this case), the
relative dielectric permittivity "r of BEH1BMB3-PPV,
and the generation rate G of e-h pairs. Since h was














FIG. 3. Incident light power (ILP) dependence of the photo-
current (Jph) versus the effective voltage (V0 	 V) measured at
T  210 K. The solid (thick) lines represent the calculated Jph
from Eq. (4) using h  1:2
 10	7 cm2=Vs, "r  2:6, and
G / ILP, where ILP was varied from 80 to 6 mW=cm2. The
arrow indicates the voltage (Vsat) at which Jph shows the tran-




























Incident Light Power [mW/cm2]
FIG. 4. (a) Incident light power (ILP) dependence of the
photocurrent Jph taken from Fig. 3 at an effective voltage of
V0 	 V  0:1 V and V0 	 V  10 V (symbols). (b) Saturation
voltage (Vsat) versus ILP as determined for Fig. 3. The slope (S)
determined from the linear fit (solid lines) to the experimental
data is written on the figure.
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the highest light intensity. Using Eq. (4) we can predict the
photocurrent at all other light intensities. As shown in
Fig. 3, the predicted photocurrents (solid lines) are in
excellent agreement with the experimental data. The 1=2
power dependence of Jph on voltage and the 3=4 depen-
dence on ILP are strong indications of the occurrence of a
SCL photocurrent in this materials system.
Another way to confirm the presence of a SCL photo-
current is to consider the voltage Vsat at which Jph switches
from the square-root dependence to the saturation regime.
This transition occurs when the hole accumulation region
(L1) becomes equal to the device thickness. From Eq. (3) it
appears that in the case of a SCL photocurrent Vsat scales
with the square root of light intensity. In contrast, in the
absence of a space-charge limit [Eq. (1)] the transition
voltage will be independent of the light intensity [1]. In
Fig. 3 the voltage Vsat at which the transition occurs is
determined from the crossover point of the square-root
dependence and the extrapolated saturation part, as indi-
cated by the arrow. From Fig. 3 it is already demonstrated
that Vsat shows a clear variation with light intensity. In
Fig. 4(b) Vsat is plotted in a double logarithmic scale as a
function of ILP. A slope S  0:51 is found, being in
agreement with the space-charge limited prediction (of
0.5) from Eq. (3). This is a further conformation that the
photocurrent in 20:80 blends of BEH1BMB3-PPV:PCBM12660devices is truly limited by space-charge effects. This SCL
photocurrent is the maximum electrostatically allowed
current that can be generated into the external circuit of
any solar cell. A Jph limited by space charge also has a
strong impact on the power-conversion efficiency of this
type of solar cells. For a photovoltaic device the fill factor
is calculated from the ratio 100
 JmpVmp=JscVoc, where
Jmp and Vmp is the photocurrent and voltage at the maxi-
mum power point (where the J-V product is largest), Jsc the
short-circuit current (applied voltage equals 0 V), and Voc
the open-circuit voltage. For a photocurrent varying with a
1=2 power dependence on the applied voltage, the fill
factor amounts to 42%. Since the photocurrent of a SCL
device closely follows such a V1=2 dependence [Eq. (4)],
the maximum possible fill factor is limited to only 42%.
In summary, we demonstrated the existence of a funda-
mental limit of the photocurrent in semiconductors. The
photocurrent in 20:80 blends of BEH1BMB3-PPV:PCBM
solar cell devices reach this electrostatic limit already
under normal operational conditions (0.8 Sun). The experi-
mental photocurrents obey all features characteristic for
the space-charge limited regime: The photocurrent is pro-
portional with a 1=2 power dependence on the voltage and
a 3=4 power of light intensity. Furthermore, the saturation
voltage varies as the one-half power of the light intensity.
These results give further insight into the mechanism of
photoconduction in semiconductors and are valuable for
the design of new materials in organic photovoltaic
devices.
The authors are indebted to L. J. A. Koster for many
valuable discussions and to J. C. Hummelen for the supply
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